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SPACE-CHARGED-INDUCED EMITTANCE GROWTH IN THE
TRANSPORT OF HIGH-BRIGHTNESS ELECTRON BEAMS*

Michnel E. Joncs and Bruce E. Carlsten, MS-E531
Los Alamos National Laboratory, Los Alamos, NM 87548

Summary

The emiltance induced hy space charge in a drifting heam
of fini‘e length has been investigated, and a scaling law,
Eq. (6), lias heen obtained from simple considerations of the dif-
ferent rates of expancion of dillerent portions of the hewn, “Uhe
scaling law predicts the initial rate of emittance growth, hefore
the heam shape has distorted signilicanly, and thns eepresents
an upper bound on the rate of emittance increase. Tiis scaling
law Lias heen substantiated iy particle-in-cell simulation and the
dependence on geometric factors evaluated for specific choires
of the beam profile. Figures 3 and -1 are universal emittance
growth eurves for mniform evlindrical and Gaussian bheams, re-
spectively.  For long. axinlly nonuniform hesims, the gemuet.
ric factors have been evaluated explicitly for Guuossian prafiles,
L. (10}, aned other shnpes,

Introduction

Previous ealeulations iave shown that laser-irradintee pho-
tadiades may be a promising means ol producing high hrightness
electron bunches at hundreds of amperes in short puilses (tens
of picoseconds) for injection into rf accelerators.”? Experimenta
are uow under way at Lox Alamon to assesa this technology.*4
By using a laser to create a short electyon pulse, much of the
complicated and expensive hardware required to bunch the heam
from n cogventional electron souree is eliminated. The dynam-
ics of these beamis can be dontinated by space-churge eflects,
especinlly before the beam coming trom the diode is acceler.
ated to higher energies. Calenlations of the transport of these
bunches from the sonree i diift tabes show e ennttsnee -
crense associnted with the mimount of spaee chnege i the heams,

Much progress has een made recently in understnndimg
space charge medneed ennttance growth and s associstion with
nonlinear electric field energy.*® Sununlations of the diode have
revealed that the mpittance of the beams is minimized hy tai-
loring the laser pulsex 1o ke the apace charge as nearly uni
form, axialiy anc radially, as possible.? This is connistent with
the minimization of the nonlinenr electric field energy for long
beams. ‘The sbort electron huniches produced by the photoinjec-
tor are subject to a unigque problem of emittance growth cansed
by the fnct that the space-cl:arge lorces are dillerent in e ends
of the beam than they are 1 the repter,

Phiyslical Mocdel and Scaling Law

Figure 1 sliows a sivgshiol of the positions and phase space
for an elecivon buneh expanding under ats own spaee charge
from a cabenlation with the paretelesin.esll model 1818127 24
cun he seen, the hunch expauds at ditferemt rates at different
poritions in the beam. This elect in partiendaely evident from
the phase space in Fig. Hh). 1w thin diffetent expansion ol e
that causen the emittanse growth observed i the snimlations
of drifting heams,

We ure the notmalized 1w emittanee defimtion of
Lnpostalle® that, fin axiynnaettic heemn, can he wetlen a

n 3\'.'1""1""\ TN NLN th

. mel sl the Auspliras o the 178 Dag

suppartod v the V'S Anny Segategh Dsfenss Copananed

of Ensigy anil

<5

r/a

0.0
0.1
(b)

‘_//1”

o.c . -
-17.7 1/a 26.6
g 1.
(h1 Plhinse space. The henm has been ingected from the left and
these snapshots are taken after the beam has begun to expand
frean its gpace charge.

Snapshiots from ISIS simulation. (a) Particle positions

where () denotes a charge-weighted average nver the particle
quantities. In this equation, r denctes the radind porition of 4
particle and ¢ = 43(3, /3. ). where i, and i, are the radinl ninl
axial velocities divided by the speed of light, i3 .. 47 + 32 ad
¥/ \,/l-:_l}i. For a drifting beam, the anly forees that the
particles experience are the self-electric and magnetic helds, il
all the particles are ussumied to heve the same axinl velovity,
there exists a beam frame in which there is only an electric
fitd. In this frame, the radial electne field E., of an isoluted,
axisynunet ric-charged cylinder with one end at z -0, of length
L., and radius a, can be written as (cgs units)

A n m
E. : :'n/ d.-'/ dr'r'/ deeet! NIEr) Ly (8 )t o),
0 n 0

{2)
where J,, is the Bessel function of order n, and py is the charge
denrity of the heamn in the beam frame. If we further assume
that the beam density i unitorm in r out 1o radios o, the inte-
grale aver v and € cay he performied to give

8
k. .1\,/':,.',/ d' [ KOXHYN X2 BV AL
L]

where X " _.,"‘"'_ v ore and the chirge density has heen
written an gy o fC) The symbuds LYY aned PeNO ddennte
the complete efliptic integenls of tae fiest and seeond ke, e
npectively,

Thin exprearion is enaily svaluated nomerienlly 1o vield
the radial electric field tor various profiles, £, Fven withont
evalunting this integral, & usefud scaling faw can be obtned by

obrgerving that Feg. (3) in of the form
E. - poglr.z), th

where g in a geomieivie Tnetor that depesads on the heanm shape.
Before the heam ahiape hax been distorted signilivants by rhe



space-charge [orces, the equation of wotion for the radial veloc-
ity can be integrated to give

g = —LE,-fz—qu_q(r,:)f, (5
me me
where ( is the time that the heam has been dvifting. I the
lah frame, we assume J;. » - J, awd take acconnt ol the 1poe
dilation, f1as = Ylseam. Lorentz contractiom, prap = 19 h . atitl
use Eq. (3) in Eq. (1) to find that the emiltance scales as

)
o7, GUL e, (5

3297
The genmetric factor G(L a) depends on the detnils of the
charge distribution within the bheant and. m principle, can be
evaluated from Fq. (3} [or more generally, Fog. (20 Al the
averagiug implied in Eq. (1). The current uf the heam enters
through the dimensionless variahle 1+ = ¢f /et (1 divided by
17 kA) and S is the distance that 1the heam has drifted,

ln deriving this scalimg law, it is assumed that the heam

has 1o iitial emittance. The same arguinent with initinl enit
tance shows that the emittances add as the s of the squares,
provided the initial enittance is uot correlat ed iu space, siuch s
would be the case for thermally induced emittance. Also, mitial
convergence ur divergence of the heani does not affect the result
as luug as the change in bean shape can be neglected.

Numerical Simulations

To affirm the sealing predicted by Fe. (8), munerical sim-
ulations of a drilling benin have hevn pertormed for a variety of
heam enrrents and energies. ‘1'he configuration ol the ISIS simn-
Intions is illustrated in Fig. 1(a). The beam is injected from the
left at 2.0 = - 177 into the initially empty and ficld-free con-
ducting evlinder, and the time-dependent Maxwell's equations
ure aolved for the electric sud mmgnetic Gelds produced by the
heam. The particles, however, du not respond seli consistently
1o these tields until the particles reach z - 0. "Hie procedure
allows a smooth turn-on of the eflects of the self field. Other
wethunds of following the reaponse of the heam 1o the self fields
were (ried, including allowing the particles (o responed an soon as
they enter the sinmlation region. ln this caseathe lirst particles
initially respond only 1o the particles that have heen injeeted
and not te the lield of the complete beam. In another method,
the hemn wan allowed (o enter the eylinder, and the fieldn were
ealenlnted. Then the firld was turned on 1o all the particles at
the same time. This procedire caunes the particles in dilferent
parts of the beam tn feel the space-charge lorces for difierent
lengt his of time when the particdes croas (he ploge where ennt-
tances are caleolated. The conclumion [rom anch tests 1= that the
procedure deseribed above gives the smonthest spd uost physi-
cal way tos initindize the spnulntions of the efecta of space charge,
This also aceonints for the Tnet that the anapshot shiows the liead
of the bernm har expanded facther than the tail. However, when
the tail reaches the paation of the head in the spapaliot, ot will
have felt the apare churge tor the xame length ot tine and will
have expanded just as inech  Enuttances were ealenlated from
Fo. (1) at vavione poations hetween 2 - Oand @ 2006, Typ
icnl mnnerical parametors uaed were esh sizes, e A
a L with 12 pimtacles eoll,

Figure 2 shown the reanltn of eight ISIS simulationa for
heamin with chaige deanities that are amform exvlinders, Fonn
the argumentn for the seahing law i the previous aection, we
el that the mealed ennttance ax depneted i the grapl should
depend only an the aspect entio of the hieane i the benp e
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Fie. 2. ISIS simulations confirming the s~aling law in

[, (6) for twe different aspect ratios of a slug hean with
various beani energies and currents,

tv1. ), where L is the length of the heam in the labaratory
frame. The simulation results show the emittance initially -
crensing linearly with S, with a slope dependent only on the
aspect ratio as predicted by Fe. (6). The deviations {rom the
limear hehavior exhibited for larger 8 are a result of the heam
chianging shape nunder the intluence of its own space chiarge nid
are most pronounced {or the cases with higher perveance, o all
canes, the linear increase of emittance with S repreaents a good
upper hound of the emittance growth. The conducting wall wns
lucated at 2.5 times the itial beam racdiug for these enlenla-
tioms. Simulations performed with a wall racdius five times the
initial heam rading showed less than a 10% dillerence in emit -
tances and then only when the hean had more than donbled in
radius from ita initial size,

Given this scaling law, the geometric factor GilL, a) can
he found tfrom numerical simvlations by fixing the heam encrgy
and current aud Ly varving the aspect ratio. Figure 3 shows the
results of a series of sinmlations with 4 = 2.0,0¢ = 0.01 lor difler-
eut aspect ratios of a uniform eylinder or slug heam. The enrves
are aplines through the data to guide the eye. For fixed current,
the amount of clinrge in the beam vanisher as the Jength of
the bemm approaches zero, o the emittance growth approuches
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Fig 3 Universal ennttanee growth eneves for sdoe Leanis
abtamed trom pacticle i eell sinlatyon



zero. For long heamn, the beam expands self-similarly except at
the ends, which contribute less anel less to the total emittance
as the bea hecomes longer; thus, the emittance increase is less
for longer beams. In fact, the nonlinear ficld energy niowlel of
emittance growth! says that the emittance growth shoulit van-
ish for infinttely long beams as loug as the bheam’'s density s
unifori in the radial direction. The worst case ocenre when the
aspect ratio in the bearm fiame (9L, a) is nbant
tions iu emittance for the sinaller values of § are helieved 1o he
the result of wake fields produced hy the sharp-edged heam.
For other beam density profiles, the dependence on aspect
ratio will he difetent. Figure 4 shows the results of a seties of
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Fig. 4. 'niversal emittance.growth curves for Gaussinn benma

obtamed trom particle.in-eell simulation.

simulations with 5 - 2.0, .01 for diffcrent aspect ratios of
# heam that is a unifori exlinder in the radinl diection and
has a Gaussian distribution of the charge in the axvial direction,
This is the type of heam that one expects 1o produee from a
photadinde that sex a Guossian laser pulse focnsed amform!'y
on the cathode. The length of the pulse, L, in defined ws the
Tull-waddth hall-saxinvun of the Gauasinn distribation. For this
profile, the effect of making the beam longer does not ninke the
radinl field mdependent of 2. Thus, the longer hewnn, which
contuin more charge, huve lugher ennttance geowth, Note that
the worst emittance growth for Gaussinn beas in about twice
s Inrge an that for aing heams

Analytical Approximations

To genieral, the ralenlation of the geometrie factor 7 in
Ea. (6) mvolves evalunting the complicatedl integeals in . (2)
or (4} for the radinl eleciric field and performing the nverages
in B 001 Thas o s mot possihle to give an analybical 1esnlt
for the geiieral case. However il the hemn aspect ratio (L) in
Linge enongh, the endind electine field will be mneh lneger than
the axial electric eld evervwhere exeept near the ends of the
heam. 1o tlus ense, Grone's law gives Hint the radinl electpe
Gield aw appoonimiately

"-lu '.!ﬂ'"l'nf‘ ). ‘7)
This Held can be ased in the equation of ot g (7), 1o
Rive
. MU
r 2 rpntianf: ) {H)
34me

where 1,4 is the time the beam travels in the lab frame. The
averages of the function h(r,z) in Eq. (1) are

12 dx fiz) f; drrh(r.2)
thir.z) = — = .
I < 4= f(z) ], drr

Using Eq. (M) in Fq. (9) aad f(2) given by a Gaussian, we [inel

"

2V3 Y32
In other words, the geometric factor for long Ganssian heams is
¢ = 0506, Tlas expression agrees. within 1" of the large Lo
limit in Fig. 4 at the first probe position (S;a - 2.1).

For slug heams, this analysis gives 2zero emittunce growt h
in the limit that L:ia — ~, as expected. For heams with »
parabolic axial profile, the limiting geometric lactor is ¢/ .. 0.2,
One might think that adding eharge 1o the ends of the henm
might increase the radial ficld there and maderate the diflerence

(10}

in the expansion rate. However, it is not possible to elininate
the efect this way, and there is now more chargr in the nnede-
sitnble ends. For f(:) - (2/L)", where nis an even iuteger, in
<. G = 1/43, which is even slightly inrger than
the Guaussian beam result,

the hmit n
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